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In addition to its importance for
existing and potential applications,
superconductivity[1] is one of the most
interesting phenomena in condensed matter
physics. Although most superconducting
materials are well-described in the context
of the Bardeen Cooper and Schrieffer (BCS)
theory[2], considerable effort has been de-
voted to the search for exotic systems whose
novel properties cannot be described by the
BCS theory. Conventional superconductors
break only gauge symmetry by selecting a def-
inite phase for the Cooper pair wavefunction;
a signature of an unconventional supercon-
ducting state is the breaking of additional
symmetries[3]. Evidence for such broken
symmetries include anisotropic pairing (such
as d-wave in the high-Tc cuprates) and the
presence of multiple superconducting phases
(UPt3 and superfluid
3He[4]). We have per-
formed muon spin relaxation measurements of
Sr2RuO4 and observe a spontaneous internal
magnetic field appearing below Tc. Our
measurements indicate that the supercon-
ducting state in Sr2RuO4 is characterized by
broken time reversal symmetry which, when
combined with symmetry considerations in-
dicate that its superconductivity is of p-wave
(odd-parity) type, analagous to superfluid
3He. Despite the structural similarity with
the high Tc cuprates, the origin of the un-
conventional superconductivity in Sr2RuO4 is
fundamentally different in nature.
Sr2RuO4, which is isostructural to the high-Tc
cuprate La1.85Sr0.15CuO4, is to date the only known
layered perovskite superconductor which does not
contain copper. Although first synthesized in the
50’s,[5] its superconductivity was only found in
1994[6]; Tc’s of early samples were roughly 0.7 K
but have increased to Tc = 1.5 K in recent high
quality single crystals[7]. Despite its low transition
temperature, Sr2RuO4 is of great interest as there
is growing evidence for an unconventional supercon-
ducting state. In this system, strong correlation ef-
fects enhance the effective mass seen in quantum
oscillation[8] and Pauli spin susceptibility measure-
ments, in the same way as in 3He[9]. Combining this
feature with Sr2RuO4’s expected tendency to display
ferromagnetic spin fluctuations, Rice and Sigrist[10],
and later Baskaran[11] argued that the pairing in
Sr2RuO4 could be of odd parity (spin triplet) type.
The strong suppression of the superconducting Tc
by even non-magnetic impurities suggests non-s-wave
pairing[7]. Specific heat[12] and NMR 1/T1[13] mea-
surements indicate the presence of a large residual
density of states (RDOS) at low temperatures (well
within the superconducting state); in high quality
samples, this RDOS as T→ 0 seems to approach half
of the normal state value. Several authors[14, 15]
have proposed so-called non-unitary p-wave super-
conducting states for Sr2RuO4 to account for this
RDOS as well as the absence of a Hebel-Slichter peak
in NMR measurements[13]. A finite RDOS is not a
unique signature of unconventional superconductiv-
ity; for example it is observed in so-called gapless
superconductors with isotropic s-wave pairing as a re-
sult of impurity scattering (although this is unlikely
in the specific case of Sr2RuO4 where the finite RDOS
apparently remains in the cleanest samples). It could
also be explained with a multi-band hypothesis[16]
where different gaps are associated with two types of
bands. Therefore, further studies are required for a
definitive determination of the pairing symmetry in
Sr2RuO4.
One aspect of the pairing symmetry, the breaking
of time reversal symmetry (TRS) can be probed di-
rectly. If the superconducting state has a degenerate
representation (as is possible for some triplet super-
conducting states) then TRS can be broken, whereas
it cannot be broken for non-degenerate representa-
tions (the case for all singlet states). When spin or-
bit coupling is small, the pair wave function can be
written as a product of the orbital part and the spin
part. Non-zero angular momentum of either the or-
bital or the spin part could result in TRS breaking,
although there are many such cases with conserved
TRS, such as d-wave states in the high-Tc cuprates.
TRS breaking is also possible in the case of strong
spin orbit coupling. In general, pairing states can be
further classified in terms of gap functions attached
to irreducible representations of a point group for a
given crystal lattice symmetry of the system[3]. TRS
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is broken for some of the unitary states and for all
of the non-unitary states. For example, the B phase
of 3He has a unitary state which conserves TRS, the
A phase is unitary but breaks TRS, and so does the
non-unitary A1 phase which is stable under an ap-
plied external magnetic field. In contrast, conven-
tional superconductors (including the BCS state) are
unitary and conserve TRS.
For states with broken TRS, originating from ei-
ther spin or orbital moments, a spontaneous internal
magnetic field can appear below Tc. One can expect a
finite hyperfine field at a magnetic probe for the case
of spin moments, while (for both the spin and orbital
cases) spontaneous supercurrents in the the vicinity
of inhomogeneities in the order parameter would cre-
ate a magnetic field near impurities, surfaces, and/or
domain walls between the two degenerate supercon-
ducting phases[3].
Muon spin relaxation[17] is especially powerful
for detecting such effects of TRS breaking in ex-
otic superconductors, since internal magnetic fields
as small as 0.1 G, corresponding to ordered moments
∼ 0.01 µB are readily detected in measurements with-
out applying external magnetic fields. Furthermore,
the existence of a positively charged µ+ particle could
distort the electrostatic potential and perturb the su-
perconducting order parameter, inducing magnetic
fields. µSR was previously applied to a search for
a spontaneous internal field predicted by an orbital
state which breaks TRS in the “anyon” hypothesis
proposed for high-Tc cuprates. No evidence for bro-
ken TRS was observed[18] in that case. However, a
spontaneous internal field was observed by µSR in the
so-called B phase of UPt3[19], and in (U,Th)Be13[20].
A number of authors have proposed states (both uni-
tary and non-unitary) which break TRS for the B
phase of UPt3, consistent with this observation[21].
In a µSR experiment, 100 % spin polarized positive
muons are implanted one at a time into a specimen.
After quickly coming to rest (at a typical depth of
∼ 0.1 mm), the muon spins evolve in the local mag-
netic environment. The muon subsequently decays
(τµ = 2.2 µs), emitting a positron preferentially in
the direction of the muon spin at the time of de-
cay. By accumulating time histograms of many (107)
such positrons one may deduce the muon polarization
function as a function of time after implantation. In
a zero field (ZF-µSR) experiment, positron detectors
are positioned 180◦ apart, parallel and antiparallel
to the initial polarization direction. Apart from nor-
malization factors which depend on the experimen-
tal geometry and the properties of muon decay, the
asymmetry signal, which is defined as the difference
divided by the sum of the count rates of the two op-
posing detectors, directly represents the muon polar-
ization at the time of decay.
In the absence of magnetic order, the spin polar-
ization is relaxed by static randomly oriented nuclear
dipole moments and is well-described by the Kubo-
Toyabe function:[22]
Pµ =
1
3
+
2
3
(
1−∆2t2
)
exp
[
−
1
2
∆2t2
]
(1)
where ∆/γµ is the width of the local field distribu-
tion and γµ = 0.085 µs
−1G−1 is the muon gyromag-
netic ratio. In the magnetically ordered state the µSR
spectrum will exhibit precession (where the frequency
is proportional to the ordered moment) if the internal
field is sufficiently uniform. If the spontaneous field
is weak, or there is a broad distribution of local fields
(as in, for example, a spin glass) then one observes an
increase in the relaxation of Pµ, where the increase
in relaxation corresponds to an order parameter.
Two single crystals of Sr2RuO4 were grown at Ky-
oto University using a floating-zone method with an
infrared image furnace. The feed rod, containing
10% excess Ru serving as flux, was melted in a 10%-
O2/90%-Ar gas mixture with a total pressure of 2
bar (Sample A) or 3 bar (Sample B). The crystal
growth was performed at speeds of 50 mm/hr (Sam-
ple A) and 40 mm/hr (Sample B). The supercon-
ducting Tc’s were 1.478 K and 1.453 K with widths
of 48 mK and 40 mK respectively, where Tc is defined
as the sharp rise in the dissipative component of the
ac-susceptibility and the width is its full width at half
maximum. Sample B was annealed in air at 1500 C
for 72 h to reduce defects while sample A was not an-
nealed. The fact that the two samples had high Tc’s
(for Sr2RuO4) is indicative of their high quality and
demonstrates that any impurities must be extremely
dilute.[7] Sample A was cleaved and arranged in a
mosaic so that the c-axis was normal to the sample’s
planar surface and parallel to the initial muon polar-
ization while sample B was cut using a diamond saw
such that the c-axis lay in the plane of the sample.
Each specimen covered an area of roughly 1 cm2.
We performed zero field (ZF-µSR) measurements
on the M15 surface muon channel at TRIUMF using
an Oxford 400 top-loading dilution refrigerator. Sam-
ple A was mounted on a silver backing while sample
B was mounted on high purity GaAs. Both backing
materials give a temperature-independent and essen-
tially non-relaxing µSR signal in zero field measure-
ments. Stray magnetic fields at the sample position
were reduced to less than 0.1 G in all directions. Tem-
peratures were measured with a calibrated carbon re-
sistor mounted on the mixing chamber as well as with
a RuO2 resistor adjacent to the sample.
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Figure 1: Zero field µSR spectra measured with Pµ ⊥
c in Sr2RuO4 at T= 2.1 K (circles) and T= 0.02 K
(squares). Curves are fits to the product of Eqn. 1
and exp(−Λt) as described in text.
In Figure 1 we show ZF-µSR asymmetry spectra
measured at T=2.1 K and T=0.02 K for sample B
where Pµ ⊥ c. Spectra for sample A (Pµ ‖ c) are
qualitatively similar. From Fig. 1 we see that the
relaxation rate is quite small both above and below
Tc = 1.45 K, but that there is greater relaxation
at lower temperature. This increased zero field re-
laxation could be caused by either (quasi-)static or
fluctuating magnetic fields. To distinguish between
these two possibilities, we performed measurements
in a weak longitudinal field BLF = 50 G. Relaxation
due to static fields will be decoupled by the appli-
cation of an external field greater than several times
the characteristic internal field whereas decoupling
of dynamic relaxation requires much greater applied
fields[17]. We see in the lower panel of Fig. 2 that the
relaxation in BLF = 50 G is the same above and be-
low Tc, which indicates that the zero field relaxation
must therefore be due to spontaneous fields which are
static on the µs timescale.
We tried several functional forms for the addi-
tional relaxation below Tc; fits to precessing (co-
sine) or gaussian forms were essentially equivalent
to each other, but were significantly worse than an
exponential in fitting the data. Fitting the spectra
to the product of Eqn. 1 (using common values of
∆ = 0.02, 0.06 µs−1 for samples A and B respec-
tively, for all temperatures to account for the nuclear
dipole fields) and an exponential exp(−Λt) to char-
acterize the additional relaxation due to the spon-
taneous magnetic field, we plot Λ vs. T in Fig. 2
Figure 2: Zero field relaxation rate Λ for the initial
muon spin polarization ‖ c (top) and ⊥ c (bottom).
Tc from ac-susceptibility indicated by arrows. Circles
in bottom figure give relaxation rate in BLF = 50 G ⊥
c. Curves are guides to the eye.
for samples A (Pµ ‖c) and B (Pµ ⊥c). Also shown
are the superconducting Tc’s as determined by ac-
susceptibility. We see a clear increase in Λ with an
onset temperature around Tc = 1.45 K for both ori-
entations indicating the presence of a spontaneous
magnetic field appearing within the superconducting
state. In principle, this spontaneous field could orig-
inate either from a TRS breaking superconducting
state or with a purely magnetic state which coinci-
dentally onsets near Tc. Very recently, we performed
additional measurements on a third sample with a
reduced Tc = 0.9 K and found that the spontaneous
field onset at that reduced Tc. Thus, we conclude
that since this field is so intimately connected with
superconductivity, its existence provides direct evi-
dence for a time reversal symmetry breaking super-
conducting state in Sr2RuO4.
The increased relaxation in the superconducting
state is exponential in character. If there were a
unique field at the muon site we would observe a pre-
Submitted to Nature 4
cession signal, while a dense collection of randomly
oriented field sources results in a Kubo-Toyabe re-
laxation function. Both the precession and Kubo-
Toyabe signals start with a gaussian form and in the
limit of weak characteristic fields are essentially indis-
tinguishable. The exponential form which we observe
in Sr2RuO4 indicates a broad distribution of fields
arising from a dilute distribution of sources[22]. This
is consistent with the source of the internal field being
supercurrents associated with variations in the super-
conducting order parameter around dilute impurities
and domain walls. We see enhanced relaxation in
both samples A and B. From this we can conclude
that the local field cannot lie purely along the c-axis
(this would give no relaxation from sample A). How-
ever, any orientation of the local field which has a
significant component in the basal plane is consistent
with our data.
The increase in the exponential relaxation below
Tc is about 0.04 µs
−1 which corresponds to a char-
acteristic field strength Λ/γµ = 0.5 G. This is about
the same as we observed in the B phase of UPt3[19]
and is in line with theoretical predictions for that ma-
terial. No theoretical estimates of the characteristic
field strength in Sr2RuO4 are yet available; however,
we would expect them to be comparable to those in
UPt3 as the fields should arise from a similar mecha-
nism.
Several authors have considered the allowed sym-
metries of pairing states for the specific case of tetrag-
onal symmetry appropriate for Sr2RuO4[10, 14, 15,
3]. Spin-singlet pairing leads exclusively to non-
degenerate states and the breakdown of TRS would,
in general, require additional phase transitions ad-
mixing other pairing channels within the supercon-
ducting phase, for which there is no experimen-
tal indication so far. On the other hand, one can
show that in the spin-triplet pairing channel, TRS
breaking states appear naturally at the onset of
superconductivity, consistent with our experiment.
Based on these symmetry arguments we conclude
that the present experiment provides strong evidence
for Cooper pairing with spin-triplet (p-wave) symme-
try: a superconducting analog of the A or A1 phases
of superfluid 3He. The distinction between unitary
and non-unitary states in Sr2RuO4, however, cannot
be done with the present results and has to wait for
further studies by other means.
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